Adult neurogenesis was first observed nearly 60 years ago, and it has since grown into an important neurochemistry research field. Much recent research has focused on the treatment of brain diseases through neuronal regeneration with endogenously generated neurons. In the adult brain, immature neurons called neuroblasts are continuously generated in the ventricular-subventricular zone (V-SVZ). These neuroblasts migrate rapidly through the rostral migratory stream to the olfactory bulb, where they mature and are integrated into the neuronal circuitry. After brain insult, some of the neuroblasts in the V-SVZ migrate toward the lesion to repopulate the injured tissue. This notable migratory capacity of V-SVZ-derived neuroblasts is important for efficiently regenerating neurons in remote areas of the brain. As these neurons migrate for long distances through adult brain tissue, they are supported by various guidance cues and structures that act as scaffolds. Some of these mechanisms are unique to neuroblast migration in the adult brain, and are not involved in migration in the developing brain. Here, we review the latest findings on the mechanisms of neuroblast migration in the adult brain under physiological and pathological conditions, and discuss various issues that still need to be resolved.
unique to the adult brain. In mammals, which possess a large, evolutionarily developed brain, neuroblasts originating in specific neurogenic regions must migrate long distances though neuronal, glial, and vascular networks to reach their destination. Thus, the regulation of migration is a critical step in the integration of new neurons into the adult neuronal circuitry.
In the V-SVZ, neural stem cells proliferate and produce neuroblasts via actively dividing intermediate progenitors (Ihrie and Alvarez-Buylla 2011; Ming and Song 2011; Chaker et al. 2016; Lim and Alvarez-Buylla 2016) . These V-SVZ-derived neuroblasts, which are characterized by a strong migratory capacity, migrate through a pathway called the rostral migratory stream (RMS) toward the olfactory bulb (Fig. 1a) , where they differentiate into olfactory interneurons and are integrated into the neuronal circuitry involved in olfaction (Belvindrah et al. 2009; Lazarini and Lledo 2011) . After a brain injury, neuroblasts migrate to the injury site and differentiate into functional neurons (Arvidsson et al. 2002; Parent et al. 2002; Yamashita et al. 2006) (Fig. 1b) . Although this process does not provide enough new neurons for adequate neurological and histological restoration (Arvidsson et al. 2002) , V-SVZ-derived neuroblasts can provide the endogenous regeneration of neuronal circuitry to a limited extent. Here, we review the latest findings on the mechanisms of neuroblast migration in the adult brain under physiological and pathological conditions, and discuss issues that still need to be resolved. Neurogenesis and neuronal migration in the adult brain are well conserved among vertebrates, from fish to primates (Garcia-Verdugo et al. 2002; Sawada and Sawamoto 2013; Paredes et al. 2016b) . Although most of the research cited in this paper is based on experiments with rodents, we also include current findings in the human brain.
Cytoskeletal regulation in neuronal migration
Migrating neuroblasts generated in the V-SVZ have a bipolar morphology, with a long leading process and a short trailing process. These neuroblasts migrate in a saltatory manner that involves (i) leading-process extension, (ii) swelling formation and centrosomal migration, and (iii) somal translocation (Schaar and McConnell 2005) , as we will consider in more detail (Fig. 2) . This saltatory movement is a common characteristic of bipolar-shaped migrating neuroblasts in the embryonic and postnatal brain (Bellion et al. 2005; Schaar and McConnell 2005; Tsai et al. 2007) , with some exceptions (Umeshima et al. 2007 ).
Leading-process extension
Leading-process dynamics are thought to help determine the directionality of migration (Martini et al. 2009 ). In migrating (green) . The neuroblasts form elongated, chain-like aggregates that migrate tangentially through the rostral migratory stream (RMS) toward the olfactory bulb. After reaching the olfactory bulb (OB) and detaching from the chain, individual neuroblasts migrate radially to the outer layer where they differentiate into olfactory interneurons, granule cells (pink), or periglomerular cells (orange) and are integrated into the olfactory neuronal circuitry. (b) The migration of neuroblasts from the V-SVZ toward an injury site. After a brain injury, some neuroblasts migrate from the V-SVZ toward the lesion (dark brown), either singly or in chains. Only a small portion of these migrating neuroblasts survive and mature to be integrated into the regional circuitry.
V-SVZ-derived neuroblasts, filamentous (F)-actin accumulates at the tip of the leading process during extension (Shinohara et al. 2012 ); this accumulation is regulated by Rho-family small GTPases and downstream F-actin modulators. F€ orster Resonance Energy Transfer imaging shows high Rac1 activity at the tip of the leading process during extension . Rac1 and Vav3, a guanine nucleotide exchange factor that can activate Rac1, are required for neuronal migration toward the olfactory bulb (Khodosevich et al. 2009 ). Vav3 knockdown disrupts the actin-rich growth cone at the tip of the leading process, and deleting one of the actin-binding proteins Drebrin or Fascin causes the shaft of the process to branch abnormally in migrating neuroblasts (Song et al. 2008; Sonego et al. 2013 Sonego et al. , 2015 ) (Drebrin's function is reviewed in this issue: Shirao et al., 2017) , suggesting that the regulation of actin polymerization by these factors is required for proper formation and extension of the leading process.
Microtubules are also involved in extending the leading process. Treating neuroblasts with nocodazole, which destabilizes microtubules, suppresses the extension of the leading process (Schaar and McConnell 2005) . Consistent with this finding, neuroblasts with a mutation in cyclin-dependent kinase 5 or doublecortin (Dcx), both of which are involved in microtubule organization, have shorter and more branched leading processes compared to control, both in vitro and in vivo (Koizumi et al. 2006; Hirota et al. 2007) . Interestingly, cyclin-dependent kinase 5 phosphorylates Drebrin, activating its capacity to bundle F-actin and interact with the plus-tip microtubule-associated protein EB3 (Worth et al. 2013) . Thus, Drebrin might link actin and microtubule organization in the neuroblast's leading process. Taken together, both actin and microtubule dynamics are involved in the formation and extension of the leading process in neuroblasts during saltatory migration.
Swelling formation and centrosomal migration
Swelling is a cytosolic dilation that forms transiently in the proximal part of the leading process between the extension of the leading process and the somal translocation. The swelling contains intracellular organelles such as the centrosome, Golgi apparatus, and mitochondria (Bellion et al. 2005) . The centrosome acts as a microtubule-organizing center and governs the microtubule networks that are directed into the leading process or to enwrap the nucleus (i.e., the perinuclear microtubule cage) in cortical projection neurons (Tsai et al. 2007) . In V-SVZ-derived neuroblasts, after the swelling forms, the centrosome migrates into it (Schaar and McConnell 2005) .
RhoA is activated at the swelling or the proximal leading process, depending on the migration phase . Gem-interacting protein (Gmip), a RhoGAP protein that also localizes to these regions, negatively regulates RhoA activity and the frequency of swelling formation . The Rho effector mammalian homolog of Diaphanous (mDia) is required for the centrosome to migrate into the swelling but does not affect swelling formation (Shinohara et al. 2012) . These studies suggest that local RhoA signaling differentially controls swelling formation and centrosomal migration.
In response to the repulsive guidance molecule Slit, migrating neuroblasts alter their direction by forming a new leading process and reorienting the centrosome prior to nuclear translocation. Inhibiting the cell-polarity factors PKCz and GSK3b impairs this Slit-induced centrosome reorientation and leading-process stabilization in neuroblasts , suggesting that these polarity genes govern microtubule networks to link neuroblast leading-process extension and centrosomal reorientation during migration.
Somal translocation
Somal translocation is determined by actomyosin dynamics regulated by RhoA signaling. Myosin II activity and F-actin accumulation are observed at the proximal part of the leading process and at the rear of the cell during somal translocation (Schaar and McConnell 2005; Shinohara et al. 2012) . Treatment with the ROCK (Rho effector) inhibitor Y-27632 or the myosin II inhibitor Blebbistatin suppresses somal translocation (Schaar and McConnell 2005; Shinohara et al. 2012) . Neurons deficient in mDia have defects not only in anterior migration of the swelling, but also in the subsequent somal translocation (Shinohara et al. 2012) . Therefore, the somal translocation in migrating neurons is governed by actomyosin contractions mediated by RhoA effectors.
Nocodazole treatment disrupts the perinuclear microtubule cage but does not inhibit somal translocation in cerebellar granule neurons (Umeshima et al. 2007 ). However, V-SVZderived neuroblasts with a mutation in Dcx, which uses dynein motors to localize to the perinuclear microtubule cage (Tanaka et al. 2004) , had defects in somal translocation but not in the positioning of the centrosome (Koizumi et al. 2006) , suggesting that microtubule regulators and motors might be involved in somal translocation in coordination with actomyosin contractions.
Taken together, the spatiotemporally coordinated regulation of the cytoskeletal machinery achieves the saltatory movement of V-SVZ-derived neuroblasts. Although the intracellular mechanisms that integrate the three steps of this saltatory motion are not clear, extracellular cues such as guidance molecules, trophic factors, and ions affect some of these migration behaviors (Wong et al. 2001; Anton et al. 2004; Snapyan et al. 2009; Turner and Sontheimer 2014) .
Diffusible factors regulate directional migration
The long-distance, unidirectional, and rapid migration of neuroblasts from the V-SVZ to the olfactory bulb is guided by directional cues provided along the migration pathway (Fig. 3) . The olfactory bulb produces diffusible proteins such as Prokineticin-2, Netrin1, and glial cell line-derived neurotrophic factor that act as chemoattractants for neuroblasts (Murase and Horwitz 2002; Ng et al. 2005) , suggesting that these factors help guide the neuroblasts' directional migration toward the olfactory bulb. However, Netrin1 is downregulated during the neonatal period (Astic et al. 2002) . In addition, surgically removing or separating the olfactory bulb does not affect the neuroblasts' directional migration (Jankovski et al. 1998; Kirschenbaum et al. 1999 ). Therefore, the role of chemoattractants from the olfactory bulb in Fig. 3 Mechanisms that regulate the long-distance, directional migration of V-SVZ-derived neuroblasts. (a) Mechanisms that support the long-distance migration of neuroblasts in the rostral migratory stream (RMS). Neuroblasts (red), guided by concentration gradients of diffusible repulsive (light blue) and attractive (pink) cues, move through a tunnel formed by astrocytes (blue-green). Neuroblasts also occasionally migrate along a blood vessel (orange) running parallel to the stream. (b) Mechanisms supporting neuroblast migration toward an injury site in the brain. After a brain insult, neuroblasts in the V-SVZ are redirected to the lesion by several diffusible attractive factors secreted by injury-activated astrocytes (blue-green), microglia (brown), and vascular endothelial cells (orange). Migrating neuroblasts use blood vessels, astrocytic processes, radial glial processes (light blue), and extracellular matrices (yellow-green) as scaffolds.
the sustained directional neuroblast migration in the RMS is unclear. Diffusible factors expressed outside of the olfactory bulb are also involved in this long-distance migration. Hepatocyte growth factor distributed throughout the RMS attracts neuroblasts, keeping them within the pathway (Garzotto et al. 2008; Wang et al. 2011) . Sonic hedgehog, a morphogen expressed in the V-SVZ, attracts neuroblasts and regulates the number of neuroblasts migrating into the RMS (Angot et al. 2008) .
Chemorepellents from the caudal part of the pathway also contribute to directional neuronal migration. Slit2, a diffusible chemorepellent for neuroblasts, is produced in the choroid plexus and medial septum and secreted into the cerebrospinal fluid (Wu et al. 1999; Nguyen-Ba-Charvet et al. 2004; Sawamoto et al. 2006) . The directional flow of the cerebrospinal fluid, which is established by the coordinated beating of ependymal cilia (Guirao et al. 2010; Hirota et al. 2010) , forms a concentration gradient of Slit2 protein in the lateral ventricle and the surrounding tissue, and this gradient guides neuroblasts migrating rostrally (Sawamoto et al. 2006) . Thus, the orchestration of attractive and repulsive signals throughout the pathway regulates the long-distance directional migration of V-SVZ-derived neuroblasts.
After brain insult such as a stroke or traumatic injury, some neuroblasts migrate from the V-SVZ toward the injury, guided by chemoattractants secreted from the injured area. Stroke-activated cerebral endothelial cells secrete stromal cell-derived factor 1 and angiopoietin 1 (Ang1), which induce neuroblasts to migrate toward the injured area through the cognitive receptors C-X-C chemokine receptor type 4 and Tie2, respectively (Ohab et al. 2006; Robin et al. 2006) . Monocyte chemoattractant protein-1 produced from injuryactivated microglia and astrocytes (Yan et al. 2007 ) and osteopontin from activated microglia/macrophages (Yan et al. 2009 ) are also reported to be involved in this process. However, time-lapse imaging showed that compared to the unidirectional movement of migrating neuroblasts in the RMS, neuroblasts migrating in the post-stroke striatum spend more time exploring their microenvironment and change direction more frequently by repeatedly extending and retracting their leading processes (Zhang et al. 2009; Kojima et al. 2010) . This low migration efficiency toward the lesion, possibly as a result of an insufficient production of directional cues, may be associated with the adult mammalian brain's low capacity for spontaneous regeneration.
Migration along scaffolds
Migration along neuron chains Neuroblasts migrating in the V-SVZ and the RMS form elongated clusters called chains (Lois et al. 1996) (Fig. 3) . Neuroblasts within these chains form discontinuous adherens junctions and migrate along each other, suggesting that they use each other as a migration scaffold. Similar chain formations are observed for neuroblasts migrating toward injured areas and those cultured in gels containing basement membrane matrix components and growth factors. Dissociated neuroblasts can migrate individually in vitro, suggesting that chain formation is not necessary for their saltatory movement. However, disrupted chain formation is often reported with disturbed directional migration and/or cellautonomous migration in mutant mouse lines (NguyenBa-Charvet et al. 2004; Bovetti et al. 2007; Hirota et al. 2007; Shinohara et al. 2012) . Therefore, although its physiological significance is still unclear, chain formation is closely associated with the efficient, coordinated movement of neuroblasts in adult brain tissue.
For adjacent neuroblasts to create a migratory scaffold for each other, adhesion between the migrating neuroblasts must be appropriately and dynamically regulated. V-SVZ-derived neuroblasts express the cell-adhesion molecules polysialylated neural cell-adhesion molecule (Hu et al. 1996; Chazal et al. 2000) and N-cadherin (Yagita et al. 2009) , and suppressing the expression or function of these molecules disrupts chain formation. Signals mediated by sphingosine 1-phosphate receptor 1, a receptor for the bioactive lipid sphingosine1-phosphate (Alfonso et al. 2015) , or mediated by the P2Y1 purinergic receptor, which is activated by extracellular ATP (Cao et al. 2015) , are reported to control chain formation by regulating the expression of adhesion proteins in the neuroblasts. b1 and b8 class integrins, which are heterophilic adhesion molecules, are also expressed in V-SVZ-derived neuroblasts. Knocking out b1 or b8 integrin specifically in the central nervous system causes neuroblasts to form disorganized chains both in vivo and in vitro (Belvindrah et al. 2007; Mobley and McCarty 2011) . Laminin, an extracellular matrix (ECM) protein that covers the neuroblast surface, is suggested to act as a ligand for b1 integrin--mediated chain formation (Belvindrah et al. 2007 ). The ligands for b8 integrin involved in regulating chain formation are unknown. Deleting a disintegrin and metalloproteinase domain-containing protein 2, which is expressed in neuroblasts and is known to interact with integrin protein, decreases the migration speed and disrupts the directionality and chain formation (Murase et al. 2008) .
Although chain-forming neuroblasts associate closely with each other, their saltatory movements are not synchronized. It is largely unknown whether and how intercellular interactions regulate the migration mode of individual neuroblasts. We found that actively migrating neuroblasts induce the contact-dependent activation of Rac1, a small GTPase, in resting neuroblasts . The focal activation of Rac1 induces somal indentations in the resting neurons, which might help to create a pathway for actively migrating neuroblasts.
After a brain injury, neuroblasts migrate toward the injured area both individually and in chain-like aggregates.
Interestingly, these chains are actively disrupted and reformed with the bidirectional movement of each neuroblast (Zhang et al. 2009 ). Individually migrating neuroblasts lack strong directionality, suggesting that chain formation contributes to the directional migration of neuroblasts in the complex microenvironment induced by an injury.
Migration along blood vessels
The migration of V-SVZ--derived neuroblasts along blood vessels was observed first in the post-stroke striatum (Ohab et al. 2006; Yamashita et al. 2006; Zhang et al. 2009; Kojima et al. 2010) , and more recently in the olfactory bulb during radial migration (Bovetti et al. 2007 ) and in the RMS (Snapyan et al. 2009; Whitman et al. 2009) (Fig. 3) . Neuroblasts leaving the RMS to migrate into the cortex during the neonatal period also use blood vessels as a migratory scaffold (Le Magueresse et al. 2012) . After injury, vascular remodeling occurs around the injury and the V-SVZ, preceding or simultaneously triggering the active migration of neuroblasts toward the injury; both of these processes are promoted by common diffusible factors such as VEGF, Ang1, and Netrin1 . Vascular endothelial cells secrete chemoattractive/trophic factors for neuroblasts, such as SDF-1, Ang1, and BDNF (Ohab et al. 2006; Snapyan et al. 2009; Grade et al. 2013) , and these factors may help recruit neuroblasts to the vicinity of the vessels.
In vasculature-guided migration, most of the neuroblasts do not come into direct contact with vascular endothelial cells, but instead with the astrocytic processes enwrapping the vessels (Yamashita et al. 2006; Whitman et al. 2009; Le Magueresse et al. 2012) . Interestingly, astrocytes trap BDNF secreted by endothelial cells, using the high-affinity receptor TrkB, which decreases the amount of BDNF binding to the low-affinity receptor p75NTR on neuroblasts. By this mechanism, astrocytes control the BDNF signaling into neuroblasts in both the RMS and the post-stroke striatum (Snapyan et al. 2009; Grade et al. 2013) . Therefore, interactions between endothelial cells and astrocytes are involved in guiding neuronal migration along blood vessels. Although the mechanisms by which neuroblasts bind and use blood vessels as a migratory scaffold are not fully understood, we found that b1 integrin on neuroblasts is required for their efficient migration along blood vessels, which are enriched with its ligand, laminin (Fujioka et al. 2017) .
Migration along astrocytic processes
In the RMS, chains of neuroblasts are surrounded by astrocytic tunnels called glial tubes (Lois et al. 1996) (Fig. 3) . These astrocytes are derived from radial glia in the embryonic brain (Alves et al. 2002) , including multipotential precursors with the capacity to generate neurons and glia in vitro (Gritti et al. 2002) and that give rise to olfactory interneurons in vivo (Merkle et al. 2007) . We found that migrating neuroblasts maintain the tunnel-like structure of these astrocytes through Slit-Robo signaling (Kaneko et al. 2010) . Astrocytes in the V-SVZ and RMS express Robo, which is a transmembrane receptor. The V-SVZ-derived neuroblasts secrete Slit1, a diffusible ligand for Robo2, to control the Robo2-expressing astrocytes' distribution and morphology, such that they form tunnels for rapid migration. In addition, these astrocytes control the development of the vasculature scaffold for migrating neurons in the RMS via VEGF signaling (Bozoyan et al. 2012) , suggesting that specialized long-distance migration routes are maintained by interactions between neuroblasts, astrocytes, and the vasculature.
In mutant mouse lines with disorganized astrocytic tunnels, neuroblast migration toward the olfactory bulb is also disturbed (Chazal et al. 2000; Anton et al. 2004; Ghashghaei et al. 2006; Kim et al. 2007; Kaneko et al. 2010) , suggesting that astrocytic tunnels are important for the neuroblasts to migrate efficiently toward their destination. The astrocytes in the RMS express higher levels of several adhesion-associated proteins and ECM proteins such as thrombospondin 1 and collagen 1 a1 than astrocytes in the cortex, and promote neuronal migration in a contactdependent manner (Garcia-Marques et al. 2010), suggesting that these astrocytes act as a migration scaffold. These astrocytes also modulate neuroblast migration by secreting or trapping soluble factors, including GABA and BDNF (Mason et al. 2001; Bolteus and Bordey 2004; Snapyan et al. 2009) , and further control the proliferation and survival of migrating neuroblasts through ephrin/Eph signaling (Conover et al. 2000) and NMDA receptor-mediated glutamatergic signaling (Platel et al. 2010) , respectively. Therefore, the long-distance migration of V-SVZ-derived neuroblasts is supported by specialized astrocytes in the RMS.
Astrocytes are activated by various brain insults, and activation changes the astrocytes' morphology and gene expression profile (Sofroniew 2009 (Sofroniew , 2015 . Activated astrocytes are proliferative and have a hypertrophic morphology, with larger soma and thicker processes. Neuroblasts migrating toward an injury frequently extend their leading processes along the processes of these activated astrocytes Yamashita et al. 2006) (Fig. 3) . Interestingly, recent studies suggest that astrocytes activated by ischemic stroke acquire neurogenic functions similar to those of neural stem/progenitor cells in the V-SVZ (Magnusson et al. 2014) . On the other hand, clear astrocytic tunnels have not been reported in the post-stroke striatum. It remains to be elucidated whether these hypertrophic astrocytes provide scaffolds for migrating neuroblasts.
Migration along radial glia
In the developing embryonic brain, radial glial cells in the ventricular zone serve as a migration scaffold for cortical neuron precursors (Breunig et al. 2011) . While radial glial cells disappear in the adult mammalian brain, they are maintained in non-mammalian vertebrates. Radial glia in the avian ventricular zone provide a scaffold by which their neuroblast progeny reach various regions in the telencephalon (Alvarez-Buylla et al. 1988 ). In the post-stroke rodent brain, ependymal cells in the V-SVZ give rise to radial glia-like cells that serve as a scaffold for neuroblasts migrating out of the V-SVZ toward an injured area (Zhang et al. 2007) (Fig. 3) . Interestingly, in the zebrafish brain, which maintains radial glial cells even in adulthood, neuroblasts migrate along blood vessels toward the olfactory bulb (Adolf et al. 2006; Grandel et al. 2006; Kishimoto et al. 2011 ) but also migrate along radial glial fibers after injury and regenerate neurons at the injured site (Kishimoto et al. 2012) . Therefore, the context-dependent selection of migration scaffolds for adult-born neuroblasts is an evolutionarily conserved phenomenon, although it is unknown whether the molecular mechanisms are also conserved. Since neuroblasts in the mammalian brain typically have to migrate over much greater distances than those in fish because of the larger brain size, neuroblasts in the mammalian brain might need more types of scaffolds (i.e., blood vessels and astrocytes) in addition to radial fibers to reach an injured site.
ECM remodeling
The attachment and remodeling of the ECM is critical for cellular migration in tissues. The migration pathway from the V-SVZ to the olfactory bulb is enriched in various ECMs (i.e., tenascin, proteoglycans, and laminin) depending on the developmental stage (Gates et al. 1995; Murase and Horwitz 2002) , and some of these ECMs are involved in neuroblast migration (Saghatelyan et al. 2004; Yan et al. 2009 ). Bloodvessel basal laminae are enriched with a variety of ECMs, including laminin, collagen, fibronectin, and vitronectin, that are produced by endothelial cells, pericytes, and astrocytes (del Zoppo and Milner 2006; Daneman and Prat 2015) . Integrins expressed in V-SVZ-derived neuroblasts (Belvindrah et al. 2007) can bind many ECM proteins, suggesting that these ECMs serve as molecular scaffolds for the migrating neuroblasts. As various ECM proteins are significantly up-regulated in the post-stroke brain (Roll and Faissner 2014) , the ability of neuroblasts to migrate toward the injured area may strongly depend on their ability to bind these proteins.
Migrating neuroblasts express matrix metalloproteinase (MMP), a zinc-dependent proteolytic enzyme that cleaves ECM components and is known to play an important role in cancer-cell migration. Several types of MMPs, including MMP3 and MMP9, are expressed in migrating neuroblasts in the RMS (Bovetti et al. 2007; Barkho et al. 2008) . Blocking the expression or activity of these MMPs inhibits chemokineinduced migration in vitro, radial migration in the adult olfactory bulb, and migration toward injury in the post-stroke striatum (Lee et al. 2006; Bovetti et al. 2007; Barkho et al. 2008) . MMPs produced by activated endothelial cells are also involved in neuronal migration after stroke . Taken together, it is possible that neuroblasts interact with and modify the ECM in the adult brain for efficient migration (Fig. 3) .
Termination of neuronal migration
After arriving at the olfactory bulb, neuroblasts detach from their chain and start migrating radially within the layers of the olfactory bulb. Several ECM proteins such as Reelin, Tenascin-R, and Prokineticin-2 control the detachment process (Hack et al. 2002; Saghatelyan et al. 2004; Ng et al. 2005) . A decrease in sphingosine 1-phosphate receptor 1, which regulates adhesion between neuroblasts, is also involved in detachment (Alfonso et al. 2015) . Interestingly, olfactory deprivation decreases the expression of Reelin ). The dendritic patterns, synaptic targets, and expression of chemical markers in mature adult-born neurons are layer-specific within the olfactory bulb (Mori et al. 1983; Kelsch et al. 2007; Merkle et al. 2007; Batista-Brito et al. 2008) . We found that Gmip knockdown increased the neuroblasts' migration speed, causing overmigration and altering the neuroblasts' final positions in the olfactory bulb . Notably, these abnormally positioned new neurons adapted their dendritic patterns appropriately for their somal position in the olfactory bulb, suggesting that the new neurons' dendritic patterns are plastic and are established not only by innate programming (Kelsch et al. 2007; Merkle et al. 2007 Merkle et al. , 2014 , but also according to their final position.
After reaching a lesion, V-SVZ-derived neuroblasts stop migrating and differentiate into functional neurons (Parent et al. 2002; Yamashita et al. 2006; Hou et al. 2008) . In contrast to mechanisms that terminate migration in the olfactory bulb, those that terminate migration in the injured brain are unknown. There is some controversy as to whether and how V-SVZ-derived neuroblasts adaptively differentiate into specific neuronal subtypes typical to their final destination and become functionally integrated into the local circuit of pre-existing neurons. In a rodent model for ischemic stroke, neuroblasts that have migrated into injured striatum differentiate into medium-sized spiny projection neurons, which are striatal projection neurons expressing DARPP32 + (Arvidsson et al. 2002) , or CR + interneurons (Liu et al. 2009 ). The adenoviral delivery of BDNF and noggin into ependymal cells in the V-SVZ in a Huntington's disease model can lead V-SVZ-derived neurons to become striatal projection neurons (Benraiss et al. 2013) . The forced expression of Fezf2 in normal V-SVZ neural stem cells can convert the fate of V-SVZ-derived neurons from GABAergic to glutamatergic (Zuccotti et al. 2014) . These studies indicate that V-SVZ-derived new neurons regenerate lost neuronal subtypes according to their final position in the injured brain, at least under specific conditions, and that this process is critical for regenerating functionally compartmentalized brain regions.
Neuronal migration in the neonatal and aged brain
In the neonatal rodent brain, the environment and migration mode of neuroblasts are distinct from those in the adult brain. First, neuroblasts in the neonatal RMS do not form clear chains (Pencea and Luskin 2003; Peretto et al. 2005) and they migrate more slowly than those in the adult RMS (Bozoyan et al. 2012) . Second, migrating neuroblasts in the neonatal RMS are not surrounded by glial tubes, which emerge postnatally and are completed in the third week after birth (Law et al. 1999; Peretto et al. 2005; Bozoyan et al. 2012) . The RMS astrocytes that form the glial tubes also secrete VEGF to induce the formation of blood vessels that will act as a scaffold for migrating neuroblasts (Bozoyan et al. 2012) . In the neonatal brain, some neuroblasts from the RMS migrate dorsally through the corpus callosum and into the cortex, where they differentiate into CR + interneurons (Inta et al. 2008; Le Magueresse et al. 2012) . This migration route gradually disappears as glial tubes develop in the RMS and the density of blood vessels decreases in the corpus callosum (Le Magueresse et al. 2012) . The migrating neuroblasts start forming chains as the glial tubes develop, although the exact trigger has not been identified. Taken together, the developing glial tubes, vascular scaffolds, and neuroblast chains seem to be mutually associated, and contribute to the construction of a stable neuroblast migration pathway from the V-SVZ to the olfactory bulb.
In the aged brain, the number of neural stem cells and their progenies, including neuroblasts, decreases (Capilla-Gonzalez et al. 2014) . The neuroblasts retain their basic capacity to migrate from the V-SVZ to the olfactory bulb (Mobley et al. 2013) . However, given that the glial tubes are maintained by Slit1 secreted by neuroblasts (Nguyen-Ba-Charvet et al. 2004; Kaneko et al. 2010) , the relatively low number of neuroblasts in the adult RMS may not produce sufficient Slit1 to maintain the neuroblasts' most efficient route for migration.
Neuroblast migration in the primate brain
In the human neonate, neurogenesis is active in the subventricular zone around the anterior lateral ventricle (Sanai et al. 2011) . Neuroblasts migrate not only through the RMS toward the olfactory bulb, but also through the medial migratory stream toward the prefrontal cortex (Sanai et al. 2011) and radially toward the frontal lobe (Paredes et al. 2016a) . The active generation of new neurons in the postnatal frontal lobe, including the prefrontal cortex, might be involved in evolutionarily acquired brain functions in humans. However, this active neuronal production and migration decreases dramatically during the first 6 months of life. Although a region corresponding to the RMS has been identified in the adult human brain (Bedard and Parent 2004; Curtis et al. 2007 ), this region is unlikely to become a conduit for neuroblasts since very few neuroblasts are observed in the V-SVZ (Sanai et al. 2004 (Sanai et al. , 2011 . As a result of the limited methodology available for studying the human brain, neuroblast migration dynamics and fates in the postnatal brain are unknown. However, neuroblasts are closely associated with blood vessels or astrocytes for at least part of their migration pathway (Sanai et al. 2011; Paredes et al. 2016a) , suggesting that astrocytes and blood vessels act as scaffolds for neuroblasts in the human brain.
In non-human primates, a thin RMS-like migratory stream of neuroblasts enwrapped by astrocytes is observed in macaque monkeys, which are classified as old-world monkeys (Kornack and Rakic 2001; Gil-Perotin et al. 2009 ); however, this stream becomes thinner as it approaches the olfactory bulb. In common marmosets, which are new world monkeys, this migratory route is observed in neonates but not in the adults, which are like humans in having a limited number of individually migrating cells . Interestingly, neuroblasts dissected from neonatal common marmoset brains and cultured in matrigel have a migratory behavior and speed comparable to those in rodents . Therefore, although the intrinsic migratory capacity of individual neuroblasts is evolutionarily preserved, their actual migration in vivo is limited by factors that are not cell autonomous, such as the size, components, and function of the brain.
Postmortem studies of the post-stroke human brain show increased cell proliferation in the V-SVZ and putative neuroblasts around the infarct area in the striatum (Jin et al. 2006; Macas et al. 2006; Minger et al. 2007; Marti-Fabregas et al. 2010) . Although the source of these neuroblasts has not been precisely determined, they accumulate in regions close to blood vessels (Jin et al. 2006) , suggesting a possible role of vasculature in the successful migration of V-SVZ-derived neuroblasts to the lesion. On the other hand, a recent study of retrospective birth dating based on 14 C, derived from nuclear bomb tests, in the DNA of proliferating cells revealed that new neurons are continuously integrated into the striatum of adult humans (Ernst et al. 2014) . Therefore, human brains might have a strategy that is distinct from that of rodents for regenerating neurons after injury.
Enhancement of neuronal migration in clinical applications
In the adult zebrafish brain, damaged neurons are almost completely replaced by new neurons generated in the periventricular germinal zone (Kishimoto et al. 2012) . In contrast, in post-stroke rodent brains, neuroblasts are distributed mainly in the area close to the V-SVZ , suggesting that their ability to reach the injury site is limited. In addition, only portion of the neuroblasts survive and differentiate into mature neurons. In a rodent stroke model, only about 0.2% of the dead neurons were replaced by these new neurons (Arvidsson et al. 2002) . Thus, to induce an efficient recovery from neurological dysfunction in various pathologies, it is necessary to increase the number of new neurons in affected areas that are remote from the V-SVZ (the lateral striatum and neocortex). In experimental animals, the infusion of growth and neurotrophic factors and paracrine signaling molecules successfully increased the number of V-SVZ neuroblasts and new neurons in the injured brain (Lindvall and Kokaia 2015) .
While most studies aimed at developing clinical applications have targeted neuroblast proliferation and survival, a few have focused on promoting neuroblast migration toward the injury site (Kobayashi et al. 2006; Kolb et al. 2007; Cui et al. 2009; Zhang et al. 2010) . The efficiency of growth or neurotrophic factors is enhanced when they are administered with biocompatible hydrogels (Nakaguchi et al. 2012; Fon et al. 2014a) . Artificial scaffolding can also enhance neuronal migration to an injury. We demonstrated that a lamininrich porous sponge transplanted into the injured cortex in neonatal mice functions as a migration scaffold for V-SVZderived neuroblasts, increasing the number that reach the lesion (Ajioka et al. 2015) . In addition, injectable hydrogels enriched with laminin induce efficient migration of neuroblasts from the V-SVZ toward the striatum after stroke in adult mice (Fujioka et al. 2017) . Microfiber or nanofiber biomaterials can also improve the migration of neuroblasts from the V-SVZ (Fon et al. 2014b; Zhou et al. 2016) . Artificial scaffolds support not only migration, but also the survival and differentiation processes of the new neurons, and these effects are promising for promoting endogenous neuronal regeneration. For successful clinical application, it is essential to establish safe, minimally invasive methods of delivering these materials to the appropriate areas.
Conclusions and perspectives
Research into adult neurogenesis has progressed rapidly since its initial discovery, due in large measure to the identification and purification of neural progenitors and neuroblasts and to the establishment of transgenic animals for visualizing the behavior of these cells in vivo. Neuroblasts derived from the V-SVZ are a special population that can migrate over long distances in the adult brain; this is an important characteristic for providing new neurons for neuronal regeneration to areas that are distant from the germinal zone, especially in large primate brains. The long-distance directional migration of these neurons is controlled by various endogenous and exogenous factors. While the migration mechanisms used by neuroblasts in the developing brain are well studied, those mechanisms that are unique to adult-born neurons largely remain to be clarified-for example, how (or whether) the migration of V-SVZ-derived neuroblasts affects or is affected by neuronal activity, pathological conditions, and aging.
Adult-born neurons provide important information about how newly added neurons can be successfully integrated into pre-existing neuronal networks. This is a critical issue for the establishment of neuronal replacement, whether by endogenously generated neurons or exogenously provided new neurons, as a therapeutic strategy for brain diseases (reviewed in this issue: Nagoshi and Okano 2017). At present, it is not clear whether ectopically added new neurons in the injured brain behave exactly like resident neurons without interfering with pre-existing circuits. To lay Cajal's dogma completely to rest, these issues should be investigated further in primates with highly complex brain structures and functions and a relatively long lifespan.
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